The adaptor protein FADD/MORT1 is essential for apoptosis induced by 'death receptors', such as Fas (APO-1/CD95), mediating aggregation and autocatalytic activation of caspase-8. Perhaps surprisingly, FADD and caspase-8 are also critical for mitogen-induced proliferation of T lymphocytes. We generated novel monoclonal antibodies specific for mouse FADD and caspase-8 to investigate whether cellular responses, apoptosis or proliferation, might be explained by differences in post-translational modification and subcellular localisation of these proteins. During both apoptosis signalling and mitogenic activation, FADD and caspase-8 aggregated in multiprotein complexes and formed caps at the plasma membrane but they did not colocalise with lipid rafts. Interestingly, mitogenic stimulation, but not Fas ligation, induced a unique post-translational modification of FADD. These different modifications may determine whether FADD and caspase-8 induce cell death or proliferation.
Introduction
'Death receptors', a subgroup of the tumour necrosis factor (TNF) receptor family, such as Fas (CD95/APO-1), and their corresponding ligands act as critical regulators of apoptosis, as well as other processes in the immune system. 1 The 'death domain' (DD) of a death receptor is essential for apoptosis induction, providing the docking site for homotypic interaction with the DD in the adaptor proteins FADD/MORT1 and TRADD. 2, 3 Upon recruitment to activated death receptors at the plasma membrane, the 'death effector domain' (DED) of FADD binds to one of two DEDs within caspase-8 (and in humans also caspase-10), inducing their autocatalytic activation. [2] [3] [4] Caspase-8 launches the caspase cascade by proteolytic cleavage and activation of downstream effector caspases (caspase-3, -6, -7), which degrade vital cellular constituents. Active caspase-8 can also trigger an amplification process through proteolytic activation of the proapoptotic Bcl-2 family member Bid. [5] [6] [7] Experiments with knockout mice and transgenic mice expressing inhibitors of FADD and caspase-8 have demonstrated that FADD [8] [9] [10] and caspase-8 [11] [12] [13] [14] are essential for death receptor-induced apoptosis. Surprisingly, it was found that FADD and caspase-8 are also critical for mitogen-and antigen receptor-induced activation and proliferation of T, B and NK cells. 8, 10, 12, 15, 16 Loss of FADD function diminished both the proliferative expansion of immature T cells stimulated through the pre-TCR complex 17 and the response of mature T cells to mitogens 8, 10 or antigen. 18 Recently, two siblings exhibiting features of autoimmune lymphoproliferative syndrome (ALPS), a disease that is usually due to mutation in the fas gene, 1 were found instead to have a homozygous mutation in the caspase-8 gene. 15 The resulting instability of caspase-8 rendered lymphocytes resistant to Fas-induced apoptosis and surprisingly, B, T and NK cells were also refractory to mitogenic and antigenic stimulation. 15 An essential role for caspase-8 in T-cell activation was proven by the analysis of mice devoid of caspase-8 only in T cells. 12, 16 While it is known that FADD transmits the apoptotic signal by recruiting caspase-8 and promoting its activation through conformational change, it is unclear how FADD and caspase-8 promote cell proliferation. A putative role for p53 in the proliferative defect of T cells lacking FADD function 19 has not been confirmed. 18 Evidence that FADD, caspase-8 15, 20 and cFLIP [21] [22] [23] promote T-cell activation by increasing stimulation of NF-kB and c-jun N-terminal kinase (JNK) was not substantiated in other studies.
caspase-8 into lipid rafts in mouse thymocytes, 28 human CD4 þ T cells 29 and in a human lymphoblastoid cell line, 30 indicating that such intracellular trafficking might also play a role in 'death receptor'-induced apoptosis. However, not all investigators have been able to reproduce these findings. 31 We generated monoclonal antibodies to mouse FADD and caspase-8 to analyse their subcellular localisation and posttranslational modification. Our studies show that FADD undergoes a mitogen-stimulation-specific post-translational modification. Moreover, although stimulation with both mitogens or Fas ligand cause recruitment of FADD and caspase-8 to distinct sites at the plasma membrane, they do not colocalise with lipid rafts. In addition, in response to these stimuli caspase-8 becomes part of a larger protein complex. These results indicate that differences in post-translational modification and subcellular trafficking may determine whether FADD and caspase-8 transduce an apoptotic or a proliferative signal in T cells.
Results

Characterisation of novel monoclonal antibodies to mouse FADD and caspase-8
To obtain monoclonal antibodies recognising mouse FADD or caspase-8, hybridomas generated by fusing spleen cells of immunised rats to myeloma cells were screened by immunofluorescence staining and flow cytometric analysis of cells transfected with FLAG epitope-tagged FADD or caspase-8. 32 Antibodies specific to FADD (Figure 1c -e) or caspase-8 ( Figure 2c , d) were identified by a staining profile that was comparable to that seen with an anti-FLAG antibody ( Figures  1b, 2b ). The lower intensity immunofluorescence peak represents background staining of parental FDC-P1 cells (Figure 1a) or untransfected 293T cells (Figure 2a) , and the higher intensity peak is due to specific staining of FLAGtagged mouse FADD or caspase-8 in transfected cells.
Three anti-FADD mAbs (7A2, 7B5 and 12E7) were selected and epitope mapped by Western blotting using lysates prepared from 293T cells transfected with expression constructs encoding either partial-length mouse FADD (aa 1-177), its 'death domain' (DD, aa 80-205) or its 'death effector domain' (DED, aa 1-79) (Figure 1f ). The mAb 7A2 recognises an epitope within the DED of FADD (Figure 1f ) and further analysis narrowed this to the region spanning aa 42-77 (data not shown). The mAbs 7B5 and 12E7 recognise epitope(s) within the DD (Figure 1f ). The mAb 7A2 is specific for mouse FADD, whereas mAb 7B5 also recognises canine Figure 1 Screening for mAbs specific to mouse FADD. Hybridomas producing mAbs to mouse FADD were identified using a 1 : 1 mixture of parental FDC-P1 cells and FDC-P1 cells expressing FLAG-tagged mouse FADD. Cells were stained with medium alone (a, negative control), anti-FLAG M2 mAb (b, positive control), anti-mouse FADD mAbs 7A2 (c), 7B5 (d) or 12E7 (e). (f) Epitope mapping of anti-FADD mAbs using lysates from 293T cells transiently transfected with expression constructs for full-length mouse FADD, the DED or DD domains was performed by Western blotting. (g) Anti-FADD 7A2 mAb detected mouse FADD by Western blotting in lysates from wt but not FADD À/À ES cells. Probing with an anti-HSP70 mAb shows equal protein loading Figure 2 Screening for mAbs specific to mouse caspase-8. Hybridomas producing mAbs to mouse caspase-8 were identified using 293T cells transiently transfected with FLAG-tagged mutant (catalytically inactive) mouse caspase-8. Cells were stained with medium alone (a, negative control), anti-FLAG M2 mAb (b, positive control) or anti-mouse caspase-8 mAbs 1G12 (c) and 3B10 (d). (e) Anti-caspase-8 mAbs detected the products of caspase-8 processing in mouse thymocytes treated with FLAG-FasL plus anti-FLAG mAb by Western blotting. (f) An B55-58 kDa band corresponding to endogenous caspase-8 was detected only in wt MEFs but not in caspase-8 À/À MEFs. * smaller polypeptides in lysates from caspase-8 mutant MEFs but not from wt MEFs recognised by the anticaspase-8 mAbs, which are likely to represent truncated forms of caspase-8. Probing with an anti-HSP70 mAb shows equal protein loading FADD, and mAb 12E7 recognises mouse, canine and human FADD (Figure 3d ). The specificity of the anti-FADD mAbs is demonstrated by their ability to detect the 28 kDa FADD protein in lysates from wt ES cells but not binding to any proteins in lysates from FADD À/À ES cells 9 ( Figure 1g ). Two anti-caspase-8 mAbs (1G12 and 3B10) were chosen for further experiments (Figure 2) . In healthy thymocytes, these mAbs detected unprocessed caspase-8 (B55-58 kDa). Following stimulation with FasL, processed p20 and intermediate cleavage products were also detected (Figure 2e ). The anti-caspase-8 mAbs specifically recognised full-length pro-capase-8 in MEFs derived from wt but not those from caspase-8-deficient mice 14 ( Figure 2f ). These mAbs recognised smaller proteins in lysates from caspase-8 mutant Figure 2 , labelled with *). These proteins are likely to be truncated forms of caspase-8, since only exons 1 and 2 (encoding the two DED domains) were deleted in the caspase-8 mutant mice. 14 We compared our mAbs with commercially available antibodies, which were raised against the human proteins but are nonetheless widely used to detect their mouse counterparts. Western blot analyses of lysates from several cell lines demonstrated that our mAbs detect endogenous mouse FADD or caspase-8 ( Figure 3a) . In contrast, the commercially available mAbs recognised only human FADD (Pharmingen), human and canine FADD (Transduction Laboratories) or human caspase-8 (MBL or Alexis; not shown), but strikingly not endogenous levels of mouse FADD or caspase-8 ( Figure 3a ).
Widespread expression of mouse FADD and caspase-8
We used our panel of mAbs to determine the expression of FADD and caspase-8 in cultured mouse cell lines and normal mouse tissues (Figure 3b, c) . Readily detectable levels of FADD and caspase-8 were found in haematopoietic tissues, organs of the neuroendocrine system, the small intestine, liver, lung, kidney and heart (Figure 3b) . Analysis of cell lines demonstrated that FADD and caspase-8 were expressed at all stages of B and T lymphopoiesis, in cells of myeloid origin and those established from kidney, breast, liver and colon (Figure 3c ). These results are consistent with previous mRNA analyses (reviewed in Ashkenazi and Dixit 2 ) and document that FADD and caspase-8 are widely expressed.
Subcellular localisation of FADD
The subcellular localisation of FADD remains controversial. Some studies have shown that FADD resides in the cytoplasm and upon ligation of 'death receptors', a fraction is recruited to the DISC at the plasma membrane. 33 In contrast, it has been documented that overexpressed FADD causes the formation of filamentous structures in the nucleus and cytoplasm. 34 More recently it has been reported 35, 36 that the primary localisation of FADD is in the nucleus of adherent cells, whereas in nonadherent cells, such as Jurkat T cells, nuclear localisation of FADD was observed in 50% of cells and cytoplasmic localisation in the remainder. Subcellular fractionation and confocal microscopy experiments were used to determine the localisation of endogenous FADD in adherent and nonadherent cells of mouse and human origin. For subcellular fractionation, we chose to Dounce homogenise cells rather than lyse them with nonionic detergents, since the latter may cause artefactual changes in protein localisation. 37 When subcellular fractions of Jurkat (nonadherent) cells were analysed by immunoblotting with commercial antibodies, FADD was found exclusively in the cytosolic fraction (Figure 4a ). The purity of the fractions was verified by probing blots with antibodies to cytoplasmic proteins, such as the Golgi complex resident protein b-COP (cytoplasmic fraction Figure 4a ) and Apaf-1 38 (cytoplasmic fraction Figure 4b ), the nuclear protein PARP (nuclear containing fraction Figure 4b ) and caspase-2, found in both compartments (Figure 4a , b) as reported previously. 39 Further fractionation of the cytoplasmic fraction from the adherent cell line HeLa to generate light membrane (LM) and soluble fractions (S) showed that FADD was present in the soluble fraction similar to Apaf-1 and a small amount of FADD in the light membrane fraction but none in the HM fraction where the nuclei are found (Figure 4b ). The presence of b-COP in the HM fraction of HeLa cells (Figure 4b ) is probably due to the Golgi apparatus becoming trapped by the extensive cytoskeleton of these adherent cells, compared to the nonadherent Jurkat cells (Figure 4a) .
The subcellular localisation of FADD was also studied by immunofluorescence staining, and confocal microscopy in nonadherent B6.2.16.BW2 mouse T-lymphoma cells as well as in adherent mouse L929 fibroblasts and human HeLa cells using anti-FADD mAb 12E7. In all cell lines tested, FADD had a cytoplasmic, non-nuclear localisation (Figure 4c 
FADD and caspase-8 do not localise in membrane rafts
Since FADD and caspase-8 are required for TCR/CD3-induced T lymphocyte proliferation, they may relocate to the plasma membrane rafts, where several components of this signalling pathway are constitutively localised or are recruited upon TCR stimulation. We investigated localisation of FADD and caspase-8 in spleen cells or purified T lymphocytes that were either left unstimulated or had been activated for 1, 4 or 24 h with Con A, Phorbol-12-myristate-acetate (PMA) plus ionomyocin, or mitogenic mAbs to CD3 and CD28 (in the presence of IL-2). Localisation of these proteins in purified T cells or the T-lymphoma line B6.2.16.BW2 was also determined after stimulation by FasL (FLAG FasL þ anti-FLAG mAb) for 10 min or as a control with anti-FLAG mAb alone.
Cells were solubilised with 0.33% Brij 98 at 371C and sucrose density gradient fractions were analysed by SDS-PAGE and Western blotting. Fractions containing rafts were identified by staining with cholera toxin (CTx) (rafts are enriched in the CTx receptor GMI) and antibodies to lck and LAT, two T-cell signalling proteins known to partition into rafts. 40 Nonraft fractions were identified by blotting with antibodies to the cytoskeletal protein paxillin. 41 The distribution of FADD, caspase-8 and Fas was examined by immunoblotting with our mAbs and an anti-Fas mAb. In purified T lymphocytes (Figure 5a ), thymocytes (Figure 5d ) or B6.2.16.BW2T lymphoma cells (Figure 5f ), neither FADD nor caspase-8 was found in rafts (boxed fractions), but both were recovered exclusively in the nonraft detergent soluble fractions. Moreover, neither mitogenic stimulation nor treatment with FasL caused recruitment of FADD or caspase-8 into rafts in purified (Figure 5g ). We also found that the T-cell receptor complex, specifically TCRa, resided in non-raft fractions, both before and during mitogenic activation and also after stimulation with FasL (Figure 5a-c, f, g ). Consistent with our results, others 42 have also shown that most components of the TCR complex are excluded from lipid rafts before and after T-cell activation, with only 10% of the CD3z chain localised to the raft fraction. Interestingly, a portion of Fas partitioned to rafts (similar to the levels of LAT and lck in rafts) in resting, mitogen-stimulated and FasL-treated T cells ( Table 1) to single spots on the plasma membrane, unlike the multiple spots observed with GM1 staining. The staining specificity was demonstrated by labelling with an isotype-matched control mAb (Figures 6o, 7j, l) .
FADD and caspase-8 localisation was also studied after stimulation of thymocytes or purified T cells with FasL. Mitogenic stimulation and FasL treatment cause different post-translational modifications in FADD and caspase-8
We also used our panel of mAbs to determine if FADD or caspase-8 underwent post-translational modifications in T cells after mitogenic stimulation or treatment with FasL ( Figure 9 ). Western blotting on lysates from T cells that had been stimulated for 1 or 24 h with anti-CD3/CD28 mAbs or PMA/ionomycin was performed with the anti-FADD mAbs. In all cases, at 0 and 1 h post-stimulation, FADD was detected as a B28 kDa doublet. This finding is consistent with previous observations, [43] [44] [45] which demonstrated that the doublet represents two differentially phosphorylated forms of FADD. p0 probably corresponds to nonphophorylated FADD and p1 to FADD phosphorylated on S191. 43 After 24 h of mitogenic stimulation, an additional slower migrating form of FADD (apparent MW B30 kDa, p2) was detected by all three anti-FADD mAbs (Figure 9a ). This band is only observed in response to mitogenic stimulation of T cells but not after treatment with FasL (Figure 9a) . Incubation of lysates from mitogen-activated T cells with lambda phosphatase (lPPase), which dephosporylates modified serine, threonine and tyrosine residues, did not affect p2, but the p1 FADD band disappeared (Figure 9d) . Therefore, the FADD p2 band probably reflects some post-translational modification other than phosphorylation. Interestingly, in cells that are continuously cycling in culture, such as B6.2.16.BW2T lymphoma cells, all three forms of FADD, including p2, are constitutively present (data not shown).
Since both FADD and caspase-8 are recruited to the larger DISC complex after Fas-ligation, we examined whether they might also become part of large complexes in T cells after mitogenic stimulation. Larger complexes and proteins associated with cytoskeletal components can be separated from soluble and intracellular membrane-associated proteins on continuous sucrose gradients (5-20%). 46 Purified T cells were treated with FLAG-FasL plus anti-FLAG mAb for 15 or 90 min (Figure 9b ), or were mitogenically stimulated for 2, 3 or 24 h (Figure 9c ). In unstimulated T cells, both FADD and caspase-8 were found in lighter fractions 10-12 (Figure 9b, c) , as would be expected for soluble, nonaggregated proteins. However, after both, mitogenic stimulation or Fas ligation, a shift in caspase-8 to denser fractions was observed (Figure 9b, c) . Upon treatment with FasL, only a minor portion of caspase-8 appeared to be proteolysed, perhaps indicating that a small amount of caspase-8 is sufficient to launch the apoptotic caspase cascade. Most cleaved caspase-8 was found in the lighter fractions, as expected because removal of the two DEDs liberates active caspase-8 from the DISC. In FasLtreated cells, there were increased amounts of FADD and caspase-8 in the pellet fraction (Figure 9b) . This is the fraction in which we would expect to find the DISC components because we generated cell extracts without using detergents. Analysis by sucrose gradient fractionation showed that most FADD proteins from mitogenically activated T cells migrated in the lighter fractions (Figure 9c) .
These results indicate that mitogenic stimulation induces a substantial portion of caspase-8, but at most only a small fraction of FADD, to either associate with other proteins in a larger complex or to become part of cytoskeletal structures. It 16 ), indicating that FADD and caspase-8 must play critical roles in a different pathway. At the present time, it is also unclear whether FADD and caspase-8 interact with each other in the same way in both cell death and mitogenic activation.
We investigated whether mitogenic stimulation or death receptor signalling resulted in modifications in FADD and/or caspase-8 that might affect their subcellular localisaton or interaction with other proteins. To investigate these issues, we generated mAbs that could detect mouse FADD and caspase-8 at endogenous levels in multiple assay systems (Figures 1-3 ). These reagents were highly specific since they detected endogenous levels of FADD or caspase-8 only in cells from wt mice but did not detect any proteins in cells from the corresponding knockout mice. Many commercially available antibodies recognise only the human proteins at endogenous levels ( Figure 3) , whereas the novel ones we have generated readily detect the mouse proteins.
Expression analyses demonstrated that FADD and caspase-8 are very widely expressed (Figure 3) , consistent with previous analyses of FADD and caspase-8 mRNA expression, indicating that these proteins play critical roles in many cell types. Subcellular fractionation, immunofluorescence staining and confocal microscopy showed that FADD has a cytoplasmic localisation in both adherent and nonadherent cells (Figure 4 ). This observation is consistent with a previous report, 33 but contrasts with the observation that overexpressed FADD causes the formation of filamentous structures in the nucleus. 34 This discrepancy may be due to the use of overexpression systems, which can cause artefacts in subcellular protein localisation. Moreover, recent studies with adherent cells 35, 36 indicated that the primary localisation of endogenous FADD was inside the nucleus. The authors used a commercial anti-human FADD mAb. We have also used this mAb and indeed on staining fixed HeLa cells it produced a nuclear signal, but when using this mAb in Western blotting of subcellular fractions, FADD was found exclusively in the nonnuclear fraction (Figure 4b ). Consistent with our observation, the previous study 36 also found that upon fractionation of Hela cells, most FADD proteins were found in the cytoplasmic fraction. Although, we do not have a complete explanation for the discrepancies, it may be possible that the differences are caused by differences in the specificities of the antibodies used or in the cell types analysed.
Membrane domains (lipid rafts) aggregate in response to many different stimuli and remain intact after detergent solubilisation and float in sucrose density gradients. The finding that several components of the TCR/CD3-signalling pathway are either resident in, or recruited to rafts after stimulation have led to the idea that these specialised membrane regions are essential for lymphocyte activation. 40 Moreover, one study has indicated that Fas-induced apoptosis signalling occurs via ceramide-rich lipid rafts. 47 These findings could, however, not be reproduced in another study on Fas signalling. 31 To resolve this discrepancy, we investigated whether stimulation with FasL or mitogens resulted in the recruitment of Fas, FADD or caspase-8 to lipid rafts. Our raft isolation and confocal microscopy studies indicated that FADD (g, m) , caspase-8 (j, n, p) and GM1 (h, k, m, n, q). Overlays (i, l-n, r) or (o) staining with an isotype-matched control mAb (red) of thymocytes treated for 10 min with FasL. Data shown are representative of three independent experiments and represent the appearance of the majority of cells under a stated condition (see Table 1) FADD and caspase-8 were neither constitutively present in lipid rafts nor recruited to rafts after mitogenic or death receptor stimulation (Figures 5-8) . Similar results were obtained in studies with thymocytes, purified mature T cells and the T hybridoma line B6.2.16.BW2, using two different raft isolation methods (Brij98 at 371C and Triton-X-100 at 41C), indicating that the conclusions might be generalised. Interestingly, a portion of Fas was found to reside constitutively in lipid rafts of these cells. In agreement with this result, recent reports also documented the constitutive presence of a portion of Fas in lipid rafts in thymocytes and the L12.10-Fas T-cell line. [28] [29] [30] In contrast to our results ( Figures 5-8) and those of Algeciras-Schimnich et al, 31 it has been reported that caspase-8 30 or both FADD and caspase-8 are recruited to lipid rafts upon Fas stimulation. 28, 29 We believe that our mAbs are specific and sensitive enough to detect endogenous FADD and caspase-8 (Figures 1, 2) . Moreover, since multiple known raft constituents were localised in the raft fractions, our raft isolation appears adequate ( Figure 5 ). Finally, lack of localisation of FADD or caspase-8 to lipid rafts was confirmed by confocal microscopy (Figures 6-8) . Using the novel antibodies we have generated, in multiple techniques we do not observe recruitment of FADD nor caspase-8 to lipid rafts after stimulation with FasL, and hence the DISCs formed in response to death receptor ligation do not form in lipid rafts. Sequestration of a portion of Fas into rafts may serve to limit death receptor signalling or may play a role in receptor internalisation. Although neither FADD nor caspase-8 were recruited to lipid rafts after stimulation, the distribution of both proteins changed from a mostly diffuse cytoplasmic appearance in untreated cells to an uneven capping at or near the plasma membrane (Figures 6-8) . Such a change in localisation is consistent with recruitment of these proteins into the DISC.
The anti-FADD mAbs were sensitive enough to detect both the known nonphosphorylated and phosphorylated forms of FADD. Interestingly, an additional slower migrating form of FADD was detected in T cells after mitogenic stimulation but not after death receptor ligation (Figure 9a ). This observation indicates that FADD might undergo a specific post-translational modification in response to mitogenic stimulation. Treatment of lysates with l-PPase did not result in the disappearance of the highest molecular weight FADD band (p2) (Figure 9d ), although its intensity was slightly reduced. Therefore, mitogenic stimulation induces a post-translational modification of FADD, the nature of which remains unknown, but is probably not due to additional phosphorylation.
In addition to FADD, caspase-8 also behaves differently in response to mitogenic stimulation versus Fas ligation. This can be seen as a shift to denser fractions in a continuous sucrose density gradient in lysates from mitogenically activated T cells (Figure 9b, c) . This shift may indicate the formation of a larger caspase-8 complex. Both caspase-8 and FLIP L are recruited to the DISC after Fas-ligation. 2 It is possible that the larger caspase-8 complex evident after mitogenic stimulation is also due to the binding of capase-8 to FLIP L , which has been proposed to act as a molecular switch between death and growth signals in T cells. 48 In conclusion, we have shown that during both 'death receptor'-induced apoptosis signalling and mitogenic activation, FADD and caspase-8 aggregate (less so for mitogenic stimulation) and form caps at the plasma membrane, but do not colocalise with lipid rafts. Further studies indicated that mitogenic stimulation through FADD and caspase-8 may not necessarily proceed through the same signalling pathway as cell death, since mitogenic stimulation, but not Fas ligation, induced a unique post-translational modification of FADD. Indeed, it has been shown recently that a specific mutation in FADD impedes cell proliferation but has no effect on its ability to transduce a death signal from Fas. 49 The mobility shift that we found provides the first physical evidence that FADD is specifically modified after mitogenic stimulation. Our finding that caspase-8 is recruited to larger complexes after mitogenic stimulation, and not only after 'death receptor' ligation, strengthens the evidence that caspase-8 plays an essential role in T-cell-mediated immune responses. These differences in modifications may determine whether FADD and caspase-8 induce cell death or proliferation and may do so by determining which other signalling proteins are activated. Since endogenous FADD, caspase-8 and the DISC can be immunoprecipitated using our mAbs, we intend to use these reagents as tools to isolate FADD and/or caspase-8 containing macromolecular complexes that may play critical roles in mitogenic stimulation.
Materials and Methods
Experimental animals
All experiments with animals were performed according to the guidelines of the Melbourne Health Research Directorate Animal Ethics Committee Production of recombinant mouse FADD and caspase-8 proteins
Mouse FADD cDNA was amplified by PCR from a C57BL/6 mouse spleen cell cDNA library and cloned into pGEX-6P-3 (Amersham Biosciences). The recombinant FADD protein fused to GST was expressed in BL21(DE3)pLysS (GOLD-Amersham Biosciences) bacteria. GST-FADD protein in the soluble fraction was purified using a glutathione-Sepharose 4B column (Amersham Pharmacia Biotech). The coding region for mouse caspase-8 large catalytic subunit (p20) was amplified by PCR and cloned into pET-32c( þ ) (Novagen Inc., Madison, WI, USA) containing an Nterminal His 6 -tag. The recombinant protein was purified from lysates prepared from Escherichia coli AD494 (DE3) bacteria using a HiTrap chelating column (Amersham Biosciences), and eluting bound protein with imidazole (Sigma).
Immunisation and hybridoma fusion
Wistar rats were immunised with recombinant GST mouse FADD or His 6 caspase-8 (p20) protein. Hybridomas were generated and those producing mAbs to FADD or caspase-8 identified using the previously described screening strategy. 50 Hybridomas producing mAbs to FADD were identified using parental FDC-P1 cells and a subclone stably expressing N-terminally FLAG-tagged mouse FADD mixed at a 1 : 1 ratio. Hybridomas producing mAbs to caspase-8 were identified using 293T cells transiently transfected with a FLAG-tagged mutant mouse caspase-8 in which the active site cysteine had been changed to alanine. The cells were fixed in 1% paraformaldehyde, permeabilised with 0.3% saponin (Sigma) and stained with hybridoma supernatants. Bound antibodies were revealed by staining with fluorescein-isothyiocyanate (FITC)-conjugated goat anti-rat Ig antibodies (Southern Biotechnology) and analysed in a FACScan (Becton Dickinson). Hybridomas producing antibodies to FADD or caspase-8 were cloned and purified as previously described. 32 
Cell lines and tissue culture
The cell lines used for analysis of FADD and caspase-8 expression are listed in our previous study. 39 Cell lines and lymphocytes were cultured in the high glucose version of Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% foetal calf serum (FCS, Trace, Australia), 50 mM 2-mercaptoethanol (2-ME), 13 mM folic acid and 100 mM L-asparagine, or were grown in DMEM or RPMI medium supplemented only with 10% FCS. Liposome (Lipofectamine, Invitrogen)-mediated transfection of 293T cells with expression constructs for FADD (aa 1-177), the DED of FADD (aa 1-79), the DD of FADD (aa 80-205) or catalytically inactive (C4A mutant) caspase-8 was performed according to the manufacturer's instructions. Spleen cells or purified T lymphocytes were stimulated with mitogens as described previously. 51 Spleen cells or purified T lymphocytes were stimulated for various periods of time with: (i) 2 ng/ml PMA, 2 mg/ml ionomycin (both from Sigma), and IL-2 (from X63/0 cells stably transfected with a mouse IL-2 expression vector), or (ii) plate-bound monoclonal anti-CD3 (KT3) and anti-CD28 (37N51) antibodies (10 mg/ml of each antibody in the coating solution) plus IL-2. Thymocytes or purified resting T cells were incubated for 10, 15 or 20 min at 371C with recombinant soluble human FasL/CD95L (100, 200 or 1000 ng/ml) carrying a FLAG epitope tag (Apotech Inc.). Anti-FLAG monoclonal antibodies (1 mg/ml, Sigma) were used to enhance crosslinking of receptor-ligand complexes. Cells were then washed twice in cold PBS and lysates were prepared.
T cell purification and cell sorting T lymphocytes were purified from lymph nodes of mice by negative sorting after staining for all unwanted cell types -B cells, macrophages, granulocytes, nucleated erythroid cells -with FITC-conjugated surface marker-specific mAbs (RB6-8C5 anti-Gr-1, M1/70 anti-Mac-1, F4/80, Ter119, 5.1. anti-IgM, HB58 anti-Igk, RA3-6B2 anti-CD45R/B220). Viable cells that were not stained with FITC-labelled mAbs or the vital dye propidium iodide (PI, Sigma at 2 mg/ml) (FITC À PI À ) were purified on a DIVA (Becton Dickinson) or MoFlo (Cytomation) cell sorter. Alternatively, unwanted cells were stained with unconjugated surface marker-specific mAbs plus goat anti-rat Ig antibody-coated magnetic beads (Paesel and Lorei) and purified by magnetic panning as previously described. 52 The purity of sorted T cells was verified by staining cells with R-PE-or Tricolorlabelled monoclonal antibodies specific to CD4 and CD8 (Caltag) or with FITC-conjugated anti-Thy-1 antibodies; the purity ranged from 90 to 99%.
Western Blotting and k-PPase treatment
Cell and tissue lysates were prepared as described previously. 50 Proteins were eluted by boiling in SDS : PAGE gel loading buffer, size-fractionated on polyacrylamide gels (Novex) and transferred to nitrocellulose membranes T-cell lysates (prepared as above without NaF or Na 3 V0 4 ) were incubated with l-PPase, (NEB) (10 6 /200 U), at 301C for 1 h according to the manufacturer's recommendations. l-PPase activity was inhibited by the inclusion of NaF (5 mM) and Na 3 Vo 4 (2 mM).
Subcellular fractionation
Cells were resuspended in hypotonic buffer (10 mM NaCl, 1.5 mM MgCl 2 , 10 mM Tris-HCL, pH 7.4) and allowed to swell on ice for 10 min at 41C and were then lysed in a Dounce homogenizer (12-36 strokes with a type 'B' pestle; Konte Glassware Corporation). After 3 min centrifugation at 1000 Â g at 41C, followed by two washes in hypotonic buffer, the pelleted nuclei or heavy membranes (HM-nuclei) were resuspended in the lysis buffer used for Western blotting (see above). The resulting supernatant was fractionated further by centrifugation at 50 000 r.p.m for 30 min in a TLA 100.3 Beckman benchtop rotor to generate the soluble (S) and light membrane (LM) fractions. The latter was then resuspended in lysis buffer containing protease inhibitors.
Purification of raft fractions
Detergent-insoluble and soluble fractions were separated using two different methods. In one method, 53 spleen cells, thymocytes or purified lymph node-derived T lymphocytes (5 Â 10 7 or 10 8 ) were washed twice in cold PBS, resuspended in 2.4 ml or 1 ml 1% Triton X-100 in MNE buffer (25 mM MES pH 6.5, 150 mM NaCl, 5 mM EDTA) containing 0.5 mg/ml Pefabloc, 1 mg/ml leupeptin, aprotinin, soybean trypsin inhibitor and pepstatin, 5 mM NaF, 2 mM Na 3 VO 4 and 30 mM sodium pyrophosphate and allowed to swell on ice for 20 min. Cells were lysed in a Dounce homogeniser (15 strokes with a type 'B' pestle). Efficient lysis (routinely B99%) was checked microscopically by staining an aliquot of cells with Trypan blue. Nuclei and cell debris were removed by centrifugation at 41C at 900 Â g for 3 min. The supernatants were resuspended in 1.0 ml 85% sucrose made with MNE buffer and transferred to Beckman ultracentrifuge tubes that were overlaid with 6 ml of 30% sucrose followed by 3 ml of 5% sucrose in MNE buffer. Samples were ultracentrifuged in a Beckmann SW40T rotor (33 500 r.p.m. for 16-18 h at 41C). Fractions (12) were collected from the top of the gradient. Proteins in each fraction were precipitated with three volumes of acetone, resuspended in SDS-PAGE running buffer, size-fractionated (12% SDS-PAGE Novex) under reducing conditions and then transferred to nitrocellulose membranes by electroblotting.
Alternatively, lipid rafts were isolated with Brij98 using an adaptation of the method described by Drevot et al. 54 Cells were gently sonicated (five 5 s bursts, 5W) in 1 ml of ice-cold buffer A (25 mM HEPES, 150 mM NaCl, 1 mM EGTA, containing protease inhibitors, 5 mM NaF, 2 mM Na 3 VO 4 , 2 mg/ml chymostatin and 5 mg/ml a2 macroglobulin). The postnuclear supernatant (PNS) was obtained by centrifugation at 2000 r.p.m. in a bench top centrifuge at 41C for 3 min. PNS from 2 Â 10 8 mouse thymocytes, 10 8 purified mouse T cells or 10 8 B6.2.16.BW2T hybridoma cells were incubated for 4 min at 371C before Brij 98 (Sigma) was added to a final concentration of 1%. After 5 min of solubilisation at 371C, the PNS (1 ml) was diluted with 2 ml prewarmed (371C) buffer A containing 2 M sucrose (giving final concentrations of 1.33 M sucrose and 0.33% Brij98) and then chilled on ice (55 min) before being placed at the bottom of a step sucrose gradient (0.9-0.8-0.75-0.7-0.6-0.5-0.4-0.2 M sucrose, 1 ml each) in buffer A. Gradients were centrifuged at 38 000 r.p.m. for 16 h at 41C in a SW40 rotor (Beckman Instruments). Fractions (1 ml) were harvested from the top, except for the last one (pooled fractions 9-11), which contained 3 ml. Aliquots (50 ml) of each fraction of the gradient were resolved on SDS-PAGE under reducing conditions as indicated above.
Velocity sedimentation on sucrose gradients
For velocity sedimentation, T lymphocytes were purified as described above (3 Â 10 7 ) and treated with: (i) FLAG-FasL (100 ng/ml) plus anti-FLAG mAb (1 mg/ml) for 15 or 90 min, (ii) plate-bound anti-CD3 plus anti-CD28 mAbs (10 mg/ml of each antibody in the coating solution) with IL-2 for 2, 3 or 24 h, or (iii) PMA (2 ng/ml), ionomycin (2mg/ml) and IL-2 for 2, 3 or 24 h. Cells were harvested, washed twice in cold PBS, resuspended in 500 ml 0.05 M PIPES. NaOH, 2 mM MgCl 2 , 0.05 M HEPES (pH 7.0), 1 mM EDTA containing protease inhibitors, 5 mM NaF, 2 mM Na 3 VO 4 and 30 mM sodium pyrophosphate. Cells were lysed using a 1 ml Dounce homgeniser and centrifuged at 3000 r.p.m. for 5 min to remove cellular debris. Supernatants were loaded on a 5-20% sucrose gradient 55 made in the lysis buffer described above, containing protease inhibitor cocktail tablets (Roche). Samples were centrifuged in a SW40 Ti rotor (Beckman) at 30 000 r.p.m. for 18 h at 151C. A total of twelve 1 ml fractions were collected manually from the bottom. Aliquots (200 ml) of each fraction of the gradient were acetone precipitated and proteins were resolved on SDS-PAGE under reducing conditions as indicated above.
Immunofluorescence staining and confocal microscopy
For immunofluorescence staining, HeLa and L929 cells were grown and stained in chamber slides using Cell Tak (Becton Dickinson) for attachment. Jurkat cells and normal T cells were stained in suspension and then cytospun onto slides. Cells were fixed for 10 min at RT with PBS containing 1% paraformaldehyde (BDH), washed and then permeabilised for 30 min at RT in 0.3% saponin (Sigma) containing 10% normal goat serum to prevent nonspecific binding of antibodies. Cells were then stained with anti-FADD mAbs 7B5 or 12E7, anti-caspase-8 mAbs 1G12 or 3B10, or isotype-matched control mAbs in PBS containing 2% FCS/0.3% saponin. Cells were then washed with PBS containing 0.03% saponin/2% FCS and incubated with FITC-conjugated goat anti-rat Ig antibodies (Southern Biotechnology) containing DAPI (2 mg/ml; Molecular Probes) to stain nuclei.
Purified resting T lymphocytes and activated T-cell blasts (5 Â 10 5 ) were stained for 30 min at 41C with FITC-conjugated CTx (GM 1 , 1 mg/ml, Sigma) to label lipid rafts. Cells were then washed twice in PBS and fixed for 15 min at RT in PBS/1% paraformaldehyde. After washing, the fixed cells were stained for 1 h at 41C with 5-10 mg/ml rat anti-mouse FADD mAb (12E7) or rat anti-mouse caspase-8 mAb (1G12 or 3B10) in balanced salt solution containing 2% FCS, 0.3% saponin and 10% normal mouse serum (NMS). After two further washes, cells were incubated with biotinylated mouse anti-rat IgG1 antibody (RG11/39.4), which was detected by streptavidin-Texas Red (Gibco BRL) or streptavidin-Cy-5 (Amersham Pharmacia) containing 2 mg/ml DAPI. All washes were in balanced salt solution containing 2% FCS and 0.3% saponin. Slides were mounted in fluorescent mounting medium (Dako) containing 100 mg/ml DIABCO (Sigma). Controls included staining with an isotype-matched control rat IgG1 mAb (Pharmingen) or with primary or secondary antibodies alone. Samples were analysed with a Leica confocal scanning microscope using SCANware software (Leica Lasertechnik).
